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Introduction
============

Microtubules are dynamic polymers that rearrange in different cell types and throughout the cell cycle to support cell organization and function. One of the most dramatic changes in microtubule organization occurs as the cell enters into mitosis. The relatively stable radial interphase microtubule network disassembles and reorganizes into a bipolar spindle-shaped apparatus that segregates the chromosomes between the two daughter cells. This process is finely coordinated in time and in space by the global and local regulation of different classes of proteins including microtubule-associated proteins (MAPs) and motors whose collective activity results in (1) a global increase of microtubule dynamics coupled to a local microtubule stabilization around the chromosomes, (2) an increase of microtubule nucleation activity at the centrosomes and around the chromosomes through a RanGTP-dependent pathway, and (3) the organization of the dynamic microtubules into a bipolar configuration around the chromosomes ([@bib25]; [@bib47]; [@bib10]).

The increased dynamics of microtubules in mitosis is an essential prerequisite for spindle formation. It is driven by a change in the balance of the activities of stabilizing and destabilizing factors ([@bib41]). Experiments performed in *Xenopus* egg extract have shown that it is essentially due to a severalfold increase in the frequency of transitions between the growing to the shrinking phase called catastrophe ([@bib43]). The major catastrophe-promoting factor in M-phase egg extract is the kinesin-like protein XKCM1/MCAK, a member of the kinesin-13 family ([@bib44]). XKCM1 can catalytically depolymerize microtubules both from their plus and minus ends in vitro ([@bib9]). XKCM1 like other members of this family is cytoplasmic and highly enriched at the centromeres, centrosomes, and spindle midzone during mitosis (for review see [@bib32]).

In the egg extract, XKCM1 activity is antagonized by the microtubule plus-end--stabilizing factor XMAP215 that suppresses catastrophes ([@bib11]; [@bib41]; [@bib26]; [@bib23]). XMAP215 is the founding member of large protein family of microtubule-associated proteins that accumulate at the microtubule organizing center during mitosis, promote microtubule assembly, and are essential for spindle assembly ([@bib8]; [@bib38]; [@bib16]; [@bib42]; [@bib12]; [@bib23]). Perturbations of either XKCM1 or XMAP215 activities have strong consequences on microtubule steady-state length and number in the M-phase egg extract and hinder spindle assembly ([@bib44]; [@bib41]; [@bib37]; [@bib32]).

Recent studies have shown that chTOG/XMAP215 family members interact with members of the transforming acidic coiled-coil family (TACC family) in all species examined so far ([@bib29]; [@bib4]; [@bib39] and for review see [@bib13]). These proteins are very diverse but share a conserved ∼200 aa COOH-terminal coiled-coil domain (TACC domain) that targets the protein to the centrosome and is involved in the interaction with chTOG/XMAP215 family members (for review see [@bib13]). Studies performed in several systems have highlighted the functional importance of this interaction ([@bib29]; [@bib17]; [@bib4]; [@bib16]; [@bib28]; [@bib39]; [@bib42]). It has been proposed that the complex TACC/chTOG helps microtubules to elongate off the centrosome in M-phase by stabilizing their plus-ends ([@bib4]; [@bib17]; [@bib28]). Interestingly some TACC proteins have been shown to interact with Aurora A ([@bib17]; [@bib7]; [@bib36]), a kinase whose activity has been implicated in the increase in microtubule nucleation capacity of centrosomes in M-phase ([@bib1]).

Here we have examined the putative function of the *Xenopus* protein Maskin in spindle assembly using the egg extract system. Maskin is the only member of the TACC family in *Xenopus*. It was originally identified and characterized as a protein involved in translational control during oocyte maturation ([@bib40]; [@bib20]; [@bib30]) but its possible involvement in microtubule function has not been examined. We found that Maskin has an important role for microtubule assembly during M-phase, its localization and activity are regulated by the kinase Aurora A and it interacts with XMAP215. In addition, Maskin increases XMAP215 affinity for microtubules in vitro. Our data suggest that Maskin and XMAP215 cooperate to oppose the destabilizing activity of XKCM1 and this activity is essential for microtubule elongation from the centrosome.

Results
=======

The *Xenopus* TACC family member Maskin associates with the centrosome and spindle microtubules in *Xenopus* cells and egg extract
----------------------------------------------------------------------------------------------------------------------------------

Maskin has been extensively characterized in the context of its role in translation regulation ([@bib20]; [@bib40]). It has been reported that it localizes to the mitotic spindle in *Xenopus* early embryos ([@bib19]) but no further data concerning its precise subcellular localization has been reported. To examine Maskin subcellular localization in tissue culture cells and egg extracts we raised polyclonal antibodies against the recombinant Maskin full-length protein expressed in bacteria. The affinity-purified antibody recognized one major band at ∼150 kD that sometimes appeared as a doublet, on Western blot of *Xenopus* XL177 cell lysates and cytostatic factor (CSF)--arrested egg extract ([Fig. 1](#fig1){ref-type="fig"} A). Although Maskin predicted molecular weight is only 102 kD, this is in agreement with the previously reported migration of Maskin in SDS-PAGE ([@bib40]). We then examined Maskin localization by immunofluorescence microscopy on *Xenopus* XL177 cells and in egg extracts using the affinity-purified anti-Maskin antibodies ([Fig. 1](#fig1){ref-type="fig"} B, a, and Fig. S1 available at <http://www.jcb.org/cgi/content/full/jcb.200504037/DC1>). In some interphase XL177 cells the anti-Maskin antibodies stained a single dot corresponding to the microtubule organizing center, presumably the centrosome. This staining increased significantly at the center of the two separating microtubule asters as the cells entered prophase and persisted throughout all mitotic phase until it became weaker again in telophase/cytokinesis. At metaphase ([Fig. 1](#fig1){ref-type="fig"} B, a) the anti-Maskin antibody also decorated some spindle microtubules and in anaphase--telophase (Fig. S1) some microtubules extending from the centrosome to the separating chromosomes. Finally at cytokinesis (Fig. S1), they decorated the midbody (only in methanol-fixed cells). We did not observe any decoration of astral microtubules by the anti-Maskin antibodies at any stage during mitosis.

![**Localization of endogenous and recombinant Maskin in *Xenopus* XL177 cells and egg extract.** (A) Western blot of XL177 and of mitotic (M) and interphase (I) egg extracts probed with the anti-Maskin antibodies used in this work. (B) Immunofluorescence with anti-Maskin antibodies on spindles and asters assembled in cells and in egg extract. (a and b) Maskin localizes all along spindle microtubules and accumulates at spindle poles. (c) In asters nucleated by centrosomes in egg extract, Maskin accumulates strongly at the center and aligns along the microtubules as small dots. (d) In taxol-induced asters, a small amount of Maskin can be detected at the center. Microtubules are red, Maskin is green, and DNA in the spindle is blue. Bars, 10 μm. (C) Schematic representation of the recombinant proteins added to the egg extract. (D) Representative images of spindles assembled in extracts containing the recombinant proteins (200 μM, final concentration). Anti-GST antibodies were used to detect GST or the GST-tagged recombinant proteins by immunofluorescence. Images from the three spindles were taken with the same camera settings. The GFP-TD protein was visualized directly through GFP fluorescence. Microtubules are red, Maskin and GFP-TD are green, and DNA is blue. Bar, 10 μm.](200504037f1){#fig1}

We then examined the localization of Maskin in the egg extract ([Fig. 1](#fig1){ref-type="fig"} B). Bipolar spindles were assembled around sperm nuclei in cycled egg extract containing rhodamine-labeled tubulin. Spindles were fixed, centrifuged onto coverslips, and processed for immunofluorescence with the affinity-purified anti-Maskin antibodies. Maskin localized to the whole spindle with some enrichment toward the spindle poles ([Fig.1](#fig1){ref-type="fig"} B, b). Finally, we examined Maskin localization on microtubule asters formed by addition of purified centrosomes ([Fig. 1](#fig1){ref-type="fig"} B, c) or taxol ([Fig. 1](#fig1){ref-type="fig"} B, d) to CSF extracts. In both cases Maskin was found at the center of the asters. However, Maskin was strongly enriched at the center of centrosome asters and decorated microtubules in a dotty pattern ([Fig. 1](#fig1){ref-type="fig"} B, c). Comparatively Maskin seemed to bind less efficiently to taxol asters ([Fig. 1](#fig1){ref-type="fig"} B, d). We conclude that Maskin is strongly recruited to the centrosomes and also binds along dynamic microtubules during M-phase. These localization results fit very well with the localization reported for other TACC family members ([@bib14],[@bib15]; [@bib4]; [@bib28]; [@bib39]).

The TACC domain targets to the spindle poles in egg extract
-----------------------------------------------------------

To determine which domains of Maskin are involved in its targeting to the spindle and centrosomes, we prepared various recombinant fragments tagged with either GST or GFP: the full-length, the TACC domain (TD) and the NH~2~-terminal region lacking the TACC domain ([Fig. 1](#fig1){ref-type="fig"} C, GST-Nterm). These proteins were added at the same final concentration to cycled extract before spindle assembly. Spindles were fixed and centrifuged onto coverslips and processed for immunofluorescence with an anti-GST antibody to detect the GST fusion proteins or examined directly to visualize the GFP-TD localization ([Fig. 1](#fig1){ref-type="fig"} D). GST-Maskin full-length localized along spindle microtubules and was enriched at the spindle poles like the endogenous protein. By contrast, the NH~2~-terminal domain of Maskin, GST-Nterm did not localize at all ([Fig. 1](#fig1){ref-type="fig"} D). GFP-TD accumulated very strongly to the spindle poles ([Fig. 1](#fig1){ref-type="fig"} D) and to the center of centrosome asters assembled in extract (unpublished data). GFP-TD localized strongly to one or two dots at the center of centrosome asters suggesting that it is recruited to the centrosome itself. Maskin is therefore targeted to the centrosome by its TACC domain and interacts with dynamic microtubules in M-phase egg extract. Although the NH~2~-terminal domain does not localize on its own it probably contributes to the localization of Maskin along spindle microtubules.

Maskin determines microtubule length and density in the spindle
---------------------------------------------------------------

As a first approach to examine the putative role of Maskin in spindle assembly in egg extract we tested whether our anti-Maskin antibodies would function for immunodepletion experiments. As shown in [Fig. 2](#fig2){ref-type="fig"} A (left), three rounds of immunodepletion were required to deplete Maskin to more than 99% from CSF-arrested egg extract. Mock and Maskin-depleted extracts supplemented with sperm nuclei and rhodamine-labeled tubulin were sent into interphase by addition of calcium and cycled back into M-phase by addition or either mock and Maskin-depleted extract accordingly. After 45 min, samples were fixed and centrifuged onto coverslips. Both mock and Maskin-depleted extracts supported bipolar spindle assembly with similar efficiencies (70--80% in mock-depleted and 60--70% in Maskin-depleted extract; unpublished data). However, spindles assembled in Maskin-depleted extract were on average smaller than controls ([Fig. 2](#fig2){ref-type="fig"} B). Their length was consistently reduced by 25--30% in all the independent experiments we performed **(**more than 10). The reduction of spindle width was more variable. We also found a variable but consistent reduction in the average tubulin fluorescence intensity in these spindles suggesting that they had a reduced microtubule density ([Fig. 2](#fig2){ref-type="fig"} B, right). To check whether these effects were entirely due to Maskin depletion we tested whether we could rescue them by addition of recombinant Maskin to the depleted extract ([Fig. 2](#fig2){ref-type="fig"}). We found that indeed addition of GST-Maskin to the depleted extract rescued fully the spindle size to control values ([Fig. 2](#fig2){ref-type="fig"}). As the TACC domain is strongly targeted to the spindle poles we also tested whether it could rescue the depletion phenotype. We found that addition of GFP-TD to the Maskin-depleted extract was as efficient as addition of GST-Maskin for rescuing spindle size ([Fig. 2](#fig2){ref-type="fig"}). As reported above GFP-TD accumulated very strongly to the spindle poles whereas GST-Maskin localized along the spindle like the endogenous protein ([Fig. 2](#fig2){ref-type="fig"} C).

![**Spindle formed in Maskin-depleted extract are smaller.** (A) Western blot of mock- and Maskin-depleted egg extract probed with the anti-Maskin antibodies (left). The three successive round of mock and Maskin depletion are shown. After the third round more than 99% of Maskin was depleted. The blot was reprobed with anti-XMAP215 and anti-TPX2 antibodies. There were no visible changes of XMAP215 concentration in the Maskin-depleted extract. The TPX2 band was used as loading control. (Right) Western blot of a typical rescue experiment. M, mock depleted extract; Δ Maskin, Maskin-depleted extract; AdB1, Maskin-depleted extract containing purified GST-Maskin; Adb2, Maskin-depleted extract containing GFP-TD protein. The blot was probed with the anti-Maskin antibody directed against the TACC domain and reprobed with an anti-tubulin antibody. The tubulin band was used as a loading control. (B) Graphs representing the average length (left), width (middle), and tubulin fluorescence intensity (right) of spindles assembled in the four types of egg extract. White bars, mock; dark gray bar, Maskin-depleted; light gray, AdB1; black bar, AdB2. (C) Immunofluorescence of spindles assembled in mock, Maskin-depleted, and AdB1 extracts with the anti-Maskin antibody (green) and GFP fluorescence (green) on spindles assembled in AdB2 conditions. Microtubules are red and DNA is blue. Bar, 10 μm.](200504037f2){#fig2}

To further confirm the role of Maskin in determining spindle size and density we examined spindles assembled in extracts containing GST-Maskin to increase the concentration of protein (Fig. S2 available at <http://www.jcb.org/cgi/content/full/jcb.200504037/DC1>). We found that the average size of spindles increased proportionally to the total Maskin concentration in the extract (Fig. S2).

Altogether these results suggested very strongly that Maskin has a role in microtubule assembly and/or stabilization in the M-phase egg extract.

Maskin depletion impairs aster formation by centrosomes in extract
------------------------------------------------------------------

Spindles formed in egg extract around sperm nuclei consist of microtubules assembled through the RanGTP-dependent pathway around the chromatin and microtubules nucleated by the duplicated centrosomes ([@bib25]; [@bib21]). Because the GFP-TD protein that targets to the centrosome/spindle poles was able to fully rescue the Maskin-depletion phenotypes it suggested that the main role of Maskin was performed at the centrosome. We therefore decided to examine the role of Maskin in microtubule aster formation by centrosomes in egg extract ([Fig. 3](#fig3){ref-type="fig"}). Purified centrosomes were added to mock or Maskin-depleted CSF-arrested egg extracts, sent to interphase, and cycled back into mitosis by addition of cyclin B Δ90. Samples were examined after 25 min of incubation. Microtubule asters formed both in mock or Maskin-depleted extracts ([Fig. 3](#fig3){ref-type="fig"} A). However, asters formed in Maskin-depleted extracts were much weaker and smaller than asters assembled in the mock-depleted extract ([Fig. 3](#fig3){ref-type="fig"} B). Addition of GST-Maskin to the Maskin-depleted extract at physiological concentrations ([Fig. 3](#fig3){ref-type="fig"} C) rescued the size and microtubule fluorescence intensity of the asters ([Fig. 3](#fig3){ref-type="fig"}). Therefore, Maskin is essential for microtubule assembly from centrosomes in the M-phase extract.

![**Maskin depletion impairs centrosome aster formation in egg extract.** (A) Representative images of asters by purified centrosomes in mock-depleted extract (Mock), Maskin-depleted extract (ΔMaskin), and Maskin-depleted extract containing purified GST-Maskin protein (AdB). The extract was sent to interphase and cycled back into mitosis by addition of cyclin B Δ90. Bar, 10 μM. (B) Graphs showing the average microtubule fluorescence intensity (left) and microtubule length (right) in asters assembled under the three conditions as in A: mock (white bars), Δ Maskin (dark gray bars), Add-Back (light gray bars). (C) Western blot of the egg extracts used in A and B probed with anti-Maskin and anti-tubulin antibodies.](200504037f3){#fig3}

The reduction of centrosome aster size and density in Maskin-depleted extracts could be attributed to an effect on the microtubule nucleation capacity of the centrosomes. We therefore tested whether centrosome functionality was impaired in the absence of Maskin (Fig. S3 available at <http://www.jcb.org/cgi/content/full/jcb.200504037/DC1>). Sperm nuclei that are associated to an immature centriole were incubated in mock or Maskin-depleted extracts to reconstitute a functional centrosome for 30 min in the presence of nocodazole. They were then reisolated and placed in a solution of pure tubulin to test for their nucleation capacity in the absence of factors regulating microtubule dynamics. We found that centrosomes reconstituted in Maskin-depleted extract had similar microtubule nucleation capacity as those reconstituted in mock-depleted extract (Fig. S3). This shows that Maskin has no influence in microtubule nucleation by the centrosomes and therefore it suggests that its role is in microtubule stabilization and/or elongation from the centrosome.

Maskin interacts with Aurora A/Eg2 and XMAP215 both in vitro and in the egg extract
-----------------------------------------------------------------------------------

Members of the TACC family have been reported to interact with two proteins that play important roles in microtubule dynamics and spindle assembly: chTOG/Msps ([@bib29]; [@bib4]; [@bib39]) and the kinase Aurora A ([@bib17]). We first investigated whether Maskin interacts with the *Xenopus* chTOG/Msps family member XMAP215 and with the *Xenopus* Aurora A kinase Eg2 in vitro. GST-Maskin was incubated with purified his-XMAP215 or GFP-Eg2 or both proteins together. Proteins bound to Maskin were then pulled down using anti-GST--coupled beads and the presence of the different proteins tested by Western blot analysis. As shown in [Fig. 4](#fig4){ref-type="fig"} A, Maskin associated efficiently with either Eg2 (lane 3) or XMAP215 (lane 4) in vitro. In addition, these interactions were not competitive as Maskin could also bind to both Eg2 and XMAP215 (lane 5).

![**Maskin binds to microtubules and interacts with XMAP215 and Eg2 in vitro and in the egg extract.** (A) Western blot of GST pull-downs in vitro with GST (lane 1) or GST-Maskin (lanes 2--5) in the presence of GFP-Eg2 (lane 3) or His-tagged XMAP215 (lane 4) or both (lane 5). Proteins recovered with the anti-GST antibody--coated beads were run on SDS-PAGE and blotted. The blot was probed with anti-XMAP215, anti-GST (to detect GST-Maskin), and anti-Eg2 antibodies to detect the corresponding proteins as indicated on the right. (B) Immunoprecipitations from CSF-arrested egg extract with different antibodies as indicated. (Lanes E) Total extract. (Lanes 1 and 3) Control immunoprecipitation with unspecific IgG. (Lanes 2 and 4) Immunoprecipitated proteins with specific antibodies as indicated. The blots were probed with anti-XMAP215, anti-Maskin, and anti-Eg2 antibodies to detect the presence of the corresponding proteins as indicated on the right. (C) Western blot analysis of a 0.5-μl total egg extract (lane 1), a microtubule pellet from 10 μl of egg extract incubated with taxol (lane 2), a pellet obtained from 10 μl of extract incubated with nocodazole (lane 3). The blot was probed with specific antibodies to detect the presence of the corresponding proteins as indicated on the right. Endogenous XMAP215, Maskin, and Eg2 copellet efficiently with microtubules in the extract. (D) Binding of Maskin or XMAP215 or both to microtubules in vitro. (D, top) Coomassie blue--stained gel from a representative microtubule pelleting experiment. GST-Maskin and XMAP215 at 1 μM final concentration were incubated with 3 μM taxol-stabilized microtubules either independently (left, Maskin; middle, XMAP215) or together (right, both). The supernatants (S) and pellets (P) obtained after centrifugation of the samples were run on SDS-PAGE and the gel stained with Coomassie blue. The positions of the XMAP215, Maskin, and tubulin bands are indicated on the right. Equivalent amount of the supernatants and pellets were run for direct comparison. (D, bottom) Quantification of the bands from the gel showing the proportion of proteins recovered in the supernatant and in the pellets (Maskin, gray bars; XMAP215, white bars) in each condition. The percentage of each protein in the pellet (P) and supernatant (S) was calculated over the total amount (S + P = 100%). This experiment was repeated five times and two gels were run for each experiment. Similar results were obtained in all independent experiments.](200504037f4){#fig4}

We then checked whether these interactions occurred also in the extract. The three proteins (Maskin, Eg2, and XMAP215) were immunoprecipitated independently from CSF-arrested egg extract using affinity-purified antibodies directed against each of the three proteins ([Fig. 4](#fig4){ref-type="fig"} B). Anti-Maskin antibodies immunoprecipitated efficiently Maskin itself and very small amounts of XMAP215 and Eg2 (the amounts of these two proteins recovered in the immunoprecipitate were variable). Anti-XMAP215 antibodies coimmunoprecipitated Maskin efficiently. Finally the anti-Eg2 antibodies did coimmunoprecipitate a small amount of Maskin (this amount was also variable in different experiments). Therefore Maskin interacts efficiently with XMAP215 and Aurora A/Eg2 in vitro and more weakly in the egg extract. Pull-down experiments from egg extracts containing GFP-TD showed that Maskin interacts with XMAP215 through the TACC domain (unpublished data), as reported in other systems ([@bib29]; [@bib4]; [@bib39]).

Maskin interacts with microtubules in vitro and in the egg extract and increases XMAP215 affinity for microtubules in vitro
---------------------------------------------------------------------------------------------------------------------------

The role of Maskin in promoting microtubule elongation could be performed through its direct interaction with microtubules or by interacting with XMAP215 and/or other factors involved in microtubule stabilization. We therefore tested whether Maskin could interact directly with microtubules. Maskin copelleted efficiently with taxol-stabilized microtubules in the egg extract ([Fig. 4](#fig4){ref-type="fig"} C).

To test whether Maskin could interact directly with microtubules, GST-Maskin was incubated with taxol-stabilized microtubules. Microtubules were pelleted through a glycerol cushion and the pellet run on SDS-PAGE and stained with Coomassie blue. A small fraction of Maskin copelleted with the microtubules showing that it can interact with them directly ([Fig. 4](#fig4){ref-type="fig"} D). XMAP215 also bound to taxol microtubules under similar conditions with a slightly higher affinity than Maskin ([Fig. 4](#fig4){ref-type="fig"} D). We then investigated the properties of the Maskin--XMAP215 complex. Both GST-Maskin and XMAP215 were incubated with taxol-stabilized microtubules. Microtubules were pelleted and analyzed. Interestingly, we found that when incubated together the affinity of the two proteins for the microtubules increased ([Fig. 4](#fig4){ref-type="fig"} D). Quantification of the Coomassie-stained bands showed that 50% more of XMAP215 was recovered in the microtubule pellet in the presence of Maskin. Conversely, the amount of Maskin copelleting with microtubules was increased by a factor of six in the presence of XMAP215. These data suggested that Maskin\'s role in microtubule stabilization could be performed through the stimulation of XMAP215 binding to the microtubule lattice therefore increasing its ability to stabilize microtubules. Although Maskin on its own has a very low affinity for microtubules, in the presence of XMAP215 its affinity increases substantially and therefore another nonexclusive possibility is that Maskin could also stabilize microtubules directly.

Maskin phosphorylation by Eg2 is required for its localization to the spindle
-----------------------------------------------------------------------------

Maskin is phosphorylated in CSF egg extract (unpublished data). Its sequence contains three sites that conform to the consensus sites for phosphorylation by Ipl1, a member of the Aurora kinase family, {KR}X{TS}{ILV} ([@bib6]) at positions Ser33, Ser620, and Ser626 ([Fig. 5](#fig5){ref-type="fig"} A). These sites are conserved in its human ortholog TACC3 (positions Ser34, Ser552, and Ser558). To study the functional relevance of phosphorylation at these sites, we replaced Ser33, Ser620, and Ser626 to alanines by site-directed mutagenesis at each individual site, in paired combinations and on the three sites altogether. We then compared the phosphorylation activity of Eg2 on wild-type Maskin and on the different mutated proteins. As shown in [Fig. 5](#fig5){ref-type="fig"} B, Eg2 phosphorylated efficiently wild-type Maskin in vitro. The three individual single mutants as well as the different double combinations only showed a mild decrease in overall phosphorylation ([Fig. 5](#fig5){ref-type="fig"} B, see double mutant S620A, S626A). However, the triple alanine mutant (Maskin-3A) was not phosphorylated by Eg2 under the same conditions ([Fig. 5](#fig5){ref-type="fig"} B). We conclude that Eg2 can phosphorylate Maskin on the three consensus sites in vitro*.* Furthermore Maskin cannot be phosphorylated by Eg2 on any other site.

![**Eg2 phophorylates Maskin in vitro and is required for its localization in extract.** (A) Schematic representation of GST-Maskin with the position of the three consensus sites for phosphorylation by Eg2. (B) Autoradiography (top) and Coomassie blue--stained gel (bottom) of GST-Maskin proteins incubated with purified Eg2. Three proteins are shown: GST-Maskin (Maskin), GST-Maskin mutated on Ser620 and Ser626 (S620A, S626A), and GST-Maskin mutated on the three sites Ser33, Ser620, and Ser626 (Maskin3A). (C) Effect of Eg2 depletion on the localization of Maskin in egg extract. Eg2 was depleted from the egg extract to more than 95% as shown by Western blot analysis (right). Spindles were assembled in cycled extract, fixed, and processed for immunofluorescence with the anti-Maskin antibody. Two pairs of spindles are shown taken with the same camera settings for comparison. Microtubules are red, Maskin is green, and DNA is blue. Bar, 10 μm.](200504037f5){#fig5}

To test for a possible role of Maskin phosphorylation by Eg2 we assembled spindles in Eg2-depleted egg extract and examined Maskin localization by immunofluorescence with the affinity-purified anti-Maskin antibodies ([Fig. 5](#fig5){ref-type="fig"} C). We found that there was a dramatic reduction of Maskin in the spindles formed in Eg2-depleted extracts compared with the controls ([Fig. 5](#fig5){ref-type="fig"} C). This indicated that the recruitment of Maskin to the spindle and spindle pole is dependent on Eg2 itself or on the phosphorylation of Maskin by Eg2.

Maskin-3A does not rescue spindle size and centrosomal asters formation
-----------------------------------------------------------------------

To evaluate the functional role of Maskin phosphorylation by Eg2, we tested whether recombinant Maskin-3A could rescue the depletion phenotypes ([Fig. 6](#fig6){ref-type="fig"}). We first looked at spindle assembly. Spindles were assembled using mock and Maskin-depleted cycled extracts. GST-Maskin or GST-Maskin-3A were added to the depleted extract as the system was cycled back into M-phase. As shown in [Fig. 6](#fig6){ref-type="fig"} A, GST-Maskin-3A was unable to rescue the size of spindles whereas GST-Maskin could. Consistently, GST-Maskin-3A could not rescue centrosome aster size in the depleted extract ([Fig. 6](#fig6){ref-type="fig"} C). As a control we generated a Maskin triple E mutant (replacing Ser33, Ser620, and Ser626 to glutamic acids by site-directed mutagenesis) to mimic the phosphorylated state of the protein. We found that GST-Maskin-3E could rescue aster formation in Maskin-depleted extracts like the wild-type protein (Fig. S4 available at <http://www.jcb.org/cgi/content/full/jcb.200504037/DC1>). We conclude that Maskin phosphorylation by Eg2 is essential for its function in regulating microtubule assembly and/or stability.

![**Maskin-3A does not rescue the spindle and aster size in Maskin-depleted extract.** Spindles and centrosome asters were assembled in four different extracts. Mock (white bars), Maskin-depleted extract (dark gray bars), AdB1, Maskin-depleted extract--containing purified GST-Maskin (light gray bars), and AdB2, Maskin-depleted extract containing purified GST-Maskin3A (black bars). (A) Graph showing the average length of the spindles is shown for the four conditions. (B) Western blot of the four extracts used in A probed with the anti-Maskin and anti-tubulin antibodies. The tubulin band was used as a loading control. (C) Graphs showing the average tubulin fluorescence intensity (left) and length of microtubules (right) of asters assembled in the four conditions. (D) Western blot of the four types used in C probed with the anti-Maskin and anti-tubulin antibodies.](200504037f6){#fig6}

Inhibiting XKCM1 rescues microtubule aster formation in Maskin-depleted extracts
--------------------------------------------------------------------------------

Microtubule dynamics in the M-phase egg extract has been shown to depend on the relative activities of two factors: the stabilizing factor XMAP215 and the catastrophe factor XKCM1. Here we found that Maskin interacts with XMAP215 and increases its affinity for microtubules. Therefore Maskin role in microtubule assembly/stabilization is at least in part achieved through XMAP215. We therefore tested whether Maskin depletion could be counteracted by inhibition of XKCM1. We performed a centrosome aster assembly assay in mock and Maskin-depleted extract as described above in the presence of inhibitory anti-XKCM1 antibodies ([Fig. 7](#fig7){ref-type="fig"}). We calibrated the concentration of anti-XKCM1 antibodies to get a partial inhibition of XKCM1 and a mild effect on microtubule length and density around centrosomes in control conditions. In Maskin-depleted extract the same degree of inhibition of XKCM1 also resulted in an increase of microtubule length and density therefore rescuing the Maskin depletion phenotype. Considering we have shown that in the presence of Maskin XMAP215 binds with higher affinity to microtubules, these results suggest that Maskin has a role in increasing the ability of XMAP215 to oppose XKCM1 depolymerizing activity.

![**Inhibition of XKCM1 rescues aster size in Maskin-depleted extract.** Microtubule asters were assembled as in [Fig. 3](#fig3){ref-type="fig"} in mock-depleted extract (Mock, white bars), Maskin-depleted extract (ΔMaskin, dark gray bars), mock-depleted extract containing anti-XKCM1 antibodies (Mock + αXKCM1, light gray bar); Maskin-depleted extract containing anti-XKCM1 antibodies (ΔMaskin + αXKCM1, black bars). The average tubulin fluorescence intensity (left) and microtubule length (right) are shown.](200504037f7){#fig7}

Discussion
==========

Maskin has been well characterized for its role in translational regulation during *Xenopus* oocyte maturation ([@bib40]; [@bib20]; [@bib30]). Here we show that like other TACC family members ([@bib14],[@bib15]; [@bib4]; [@bib28]; [@bib39]) it is recruited by centrosomes and localizes to spindle poles and microtubules in *Xenopus* cells and M-phase egg extract. Our functional experiments in the egg extract system show that Maskin plays an essential role for microtubule growth and stability during M-phase. This role is dependent on its COOH-terminal TACC domain that targets to the centrosome and spindle pole and mediates its interaction with XMAP215. Our data suggest that Maskin together with XMAP215 at the centrosome and in the cytoplasm promotes microtubule assembly and counteracts the destabilizing activity of XKCM1. We also provide evidence for the regulation of Maskin localization and activity by the mitotic kinase Aurora A.

Role of Maskin in microtubule growth during mitosis
---------------------------------------------------

Like other members of the TACC family, Maskin is strongly enriched at the spindle poles and localizes to spindle microtubules during metaphase in *Xenopus* tissue culture cells and in the egg extract. In Maskin-depleted extracts centrosomes have a reduced efficiency for promoting microtubule aster formation although their intrinsic microtubule nucleation activity is intact. In addition, microtubules are shorter. Therefore our data indicate that the main role of Maskin is not in microtubule nucleation but in microtubule stabilization or growth. Interestingly, the effects we observe upon Maskin depletion are very similar to the phenotypes described in *Drosophila* embryos lacking a functional D-TACC: shorter spindles and the lack of astral microtubules ([@bib15]).

Maskin does not localize very efficiently to spindle microtubules in cells and in egg extract but it does copellet efficiently with taxol-stabilized microtubules in the extract. As we found that it also pellets with pure microtubule in vitro although with low efficiency, one possibility is that Maskin stabilizes directly microtubules by binding to their lattice like some MAPs. Preliminary results indicate that Maskin has in fact only a minor stabilizing effect on microtubules in vitro (unpublished results). Because Maskin, like its orthologs, interacts with XMAP215, the main factor involved in microtubule stabilization in the M-phase egg extract, it is therefore possible that its stabilizing activity in the egg extract is directly linked to this interaction. Interestingly, partial depletion of XMAP215 from the egg extract induces phenotypes that are similar to the Maskin depletion. However we are certain that the Maskin depletion phenotypes are not due to a partial codepletion of XMAP215 as they were fully rescued by addition of recombinant Maskin. As a further support for the idea that Maskin is involved in microtubule assembly and/or stability, we have observed that increasing Maskin concentration in the extract results in the increase of spindle size.

Several data suggest that Maskin does not function efficiently in microtubule assembly/stabilization in the absence of XMAP215. Full depletion of XMAP215 results in the total absence of microtubule growth, a phenotype that is more dramatic than the Maskin depletion phenotype. Therefore Maskin activity is not sufficient for promoting microtubule growth in the absence of XMAP215. By contrast, XMAP215 still binds to microtubules on spindles and asters assembled in Maskin-depleted extract (unpublished results). However, it is less efficient for microtubule stabilization when Maskin is not present because spindles and asters are smaller. As we have shown that the complex both Maskin and XMAP215 have a higher affinity for microtubules when incubated together than each protein on its own in vitro this suggests that Maskin may increase microtubule stability through the modulation of XMAP215 activity.

We found that Maskin--XMAP215 interaction is more efficient in vitro than in the egg extract. It is possible that in the extract the interaction between the two proteins is regulated and/or other proteins may compete for the interaction. In this context, Maskin has been shown to be in a large complex with proteins involved in translation regulation like CPEB and elF-4E, and with RNA ([@bib30]). Because we can rescue the Maskin depletion phenotype with the TACC domain alone that does not contain the sequences involved in binding to these other components, it is likely that Maskin function in microtubule growth is independent from its role in translational regulation.

The rescue of the Maskin depletion phenotypes by the TACC domain alone suggests that the major site for Maskin activity is the centrosome/spindle pole where this domain can accumulate on its own. In addition, it is the domain of Maskin involved in the interaction with XMAP215. In other systems, it has been shown that TACC family members and XMAP215 family members depend on each other for their targeting to the centrosome/spindle poles ([@bib29]; [@bib39]). Although we observed some reduction of XMAP215 localization to the centrosome in Maskin-depleted extract, this result is difficult to interpret because there is also a reduction of tubulin (unpublished data).

Our in vitro studies showing that the Maskin-XMAP215 complex binds to the microtubules with increased affinity suggest that if a similar mechanism occurs in the extract this would result in microtubule stabilization and protection from the depolymerizing activity of XKCM1. This could be particularly important at the centrosome where XKCM1 localizes. The Maskin--XMAP215 complex could protect the nascent microtubules promoting their elongation off the centrosome. In support of this model, we observed that a partial inhibition of XKCM1 in Maskin-depleted extract restored centrosome aster size.

A similar mechanism could function as well away from the centrosome and contribute to the determination of the steady-state length of microtubules in asters and spindles. Interestingly, while we were writing this work, [@bib35] published a paper describing a role for Maskin in the formation of RanGTP-dependent microtubule asters in the egg extract. It is therefore possible that Maskin has a general function in promoting microtubule stability through XMAP215 with a more prominent effect at the sites of microtubule nucleation like the centrosome or where the RanGTP-dependent microtubule nucleation occurs.

Regulation of Maskin by Aurora A/Eg2
------------------------------------

We have shown that Maskin interacts with Eg2 and becomes phosphorylated by this kinase on three consensus sites outside the TACC domain in vitro. Recently it has been shown that phosphorylation of Maskin by Eg2 is involved in regulating its activity during oocyte maturation ([@bib36]). Here we have shown that Eg2 also regulates Maskin localization and activity in M-phase egg extract. Indeed in the absence of Eg2 Maskin localizes very poorly to spindles and spindle poles. This suggests that in the full length protein, the TACC domain may not be competent for recruitment to the centrosome and microtubules and that phosphorylation by Eg2 may either induce a conformational change and/or release Maskin from other interactions that may prevent its recruitment to the spindle. In fact, the TACC domain that is not phosphorylated by Eg2, is very efficiently recruited to the centrosome and spindle poles.

Our data do not support the idea that phosphorylation could regulate directly the interaction between Maskin and XMAP215. This interaction is very efficient in vitro between the unphosphorylated recombinant proteins and we have not detected any significant increase in affinity in the presence of Eg2 under our experimental conditions. However, it is possible that the situation is different in the extract and phosphorylation of Maskin by Eg2 could promote the interaction of Maskin with XMAP215 for the same arguments exposed above for the centrosomal localization.

Interestingly, Aurora A is required for the increase of microtubule nucleation at the centrosomes during M-phase ([@bib5]). The recruitment of Maskin to the centrosome could be one of the mechanisms by which Aurora A functions in this process.

Materials and methods
=====================

Maskin constructs
-----------------

The cDNA of Maskin in pET30a was obtained from Raul Mendez (CRG, Barcelona, Spain) ([@bib19]). The full-length coding region was excised by restriction digestion with BamHI and Xho1 and subcloned into pGEX-4T1 and pGEX-6P1 (Amersham Biosciences). Site directed mutagenesis (Stratagene) was performed on the pGEX-6P1 construct to introduce alanines at positions Ser33, Ser620, and Ser626 either independently, in the three possible paired combinations, or all three together. The GST-NH~2~-terminal Maskin construct was prepared by introducing a stop codon corresponding to aa 717 in pGEX-6P1. The GFP-TACC construct was made by amplifying the region TACC domain (aa 723--aa 931) introducing EcoRI and BamHI restriction site at 5′ and 3′, respectively. The PCR product was subcloned into a modified pHAT-2 vector contains the EGFP sequence after the Histidine tag ([@bib45]). All constructs were fully sequenced.

Expression and purification of recombinant proteins
---------------------------------------------------

The GST fusion proteins were expressed in *Escherichia coli* and purified by glutathione affinity chromatography using standard protocols. His-tagged Maskin full-length and GFP-TD proteins were purified as described in [@bib45]. Purified proteins were dialyzed against CSF-XB (10 mM K-Hepes, pH 7.7, 50 mM sucrose, 100 mM KCl, 2 mM MgCl~2~, and 5 mM EGTA), frozen in aliquots in liquid nitrogen, and stored at −80°C. Protein concentration was estimated using Coomassie-stained SDS gels using BSA as a standard. For cleavage of GST, GST-Maskin was incubated with PreSission Protease (Amersham Biosciences) overnight at 4°C.

The full-length XMAP215 cDNA was cloned and expressed using the Bac-to-bac baculovirus system (Invitrogen). SF9 cells were used to express the His-tagged full length protein that was purified using affinity chromatography following the manufacturer\'s instructions.

Antibodies and Western blots
----------------------------

Polyclonal anti-Maskin antibodies were produced in rabbit by injection of bacterially expressed recombinant His-Maskin full-length protein. The serum was affinity-purified over a column of His-Maskin full-length or GST-Maskin full-length or GFP-TACC with similar results. Monoclonal anti-tubulin antibody was from Sigma-Aldrich (DM1A). The 1C1 monoclonal anti-Eg2 antibody was a gift from C. Prigent (CNRS, Rennes, France). A polyclonal anti-Eg2 antibody was raised in rabbit by injection of bacterially expressed EGFP-Eg2 full-length protein and affinity purified on bacterially expressed His-Eg2. Polyclonal anti-GST antibody was generated in-house and the affinity-purified polyclonal anti-XKCM1 antibody was generated as described previously ([@bib44]).

Blots were developed using the ECL chemiluminescence detection system (GE Healthcare) or using Alexa Fluor 680 (Invitrogen)--labeled antibodies with the Odyssey Infrared imaging system (Li-Cor). Extracts from *Xenopus* XL177 ([@bib31]) were prepared as described previously ([@bib27]).

Immunoprecipitation
-------------------

For immunoprecipitation experiments, protein A--conjugated Dynabeads 280 (Dynal) were coated with the appropriate antibodies (5 μg/20 μl of beads), in 300 μl PBS-T (PBS, 0.1% Triton X-100). Beads were washed twice with PBS-T and twice with CSF-XB (10 mM K-Hepes, pH 7.7, 50 mM sucrose, 100 mM KCl, 2 mM MgCl~2~, 0.1 mM CaCl~2~, and 5 mM EGTA). Antibody-coated beads were incubated in 40 μl of extract on ice for 1 h, retrieved on a magnet for 10 min, and washed twice with CSF-XB and twice with PBS-T. Proteins were eluted from the beads by incubation in sample buffer for 10 min at room temperature. The samples were then subjected to SDS-PAGE and analyzed by Western blotting.

Egg extracts, spindle assembly, and asters formation
----------------------------------------------------

Cytostatic factor arrested extracts (CSF extracts) were prepared as previously described ([@bib34]). For cycled spindle assembly, 0.2 mg/ml rhodamine-labeled tubulin ([@bib24]) and demembranated sperm nuclei (∼500 nuclei/μl) were added to CSF extract on ice. The extract was then released into interphase by the addition of 0.4 mM Ca^2+^ and incubated for 90 min at 20°C. This extract was then cycled back into mitosis by addition of one volume of CSF-arrested extract. After 45 min, spindles were fixed in 1 ml BRB80 (80 mM K-Pipes, pH 6.8, 1 mM EGTA, 1 mM MgCl~2~) containing 30% glycerol, 0.25% glutaraldehyde, and 0.1% Triton X-100 and centrifuged onto coverslips (12,000 rpm, 12 min, 16°C; JS-13.1 rotor; Beckman Coulter) through a 40% glycerol cushion in BRB80, as described previously ([@bib45]).

Microtubule asters were assembled in egg extract by addition of centrosomes purified from KE37 lymphoid cells as described previously ([@bib33]) or 1 μM taxol (paclitaxel; Invitrogen) in the presence of 0.2 mg/ml rhodamine-labeled tubulin. The reactions were incubated for 20 min at 20°C, fixed, and centrifuged onto coverslip as described previously ([@bib46]). Alternatively, purified centrosomes were added to CSF extract, the extract was sent into interphase by addition of 0.4 mM Ca^2+^, 0.2 mg/ml cycloheximide (Sigma-Aldrich), and 0.4 mg/ml rhodamine-labeled tubulin for 45 min at 20°C. The extract was then cycled back into mitosis by addition of 38 μg/ml of cyclin B Δ90 ([@bib18]). After 25 min asters were fixed and centrifuged onto coverslips as described above.

For Maskin domains localization studies, recombinant GST-Maskin, GST-NH~2~-terminal and GFP-TD were added at 200 nM as the extract was cycled back into mitosis.

Immunodepletion and add-back experiments
----------------------------------------

Immunodepletions were performed as previously described ([@bib2]) except that three successive rounds of depletion were required to deplete Maskin efficiently from the egg extract. In brief, three volumes of protein A--conjugated Dynabeads (Dynal) coupled to antibodies were used to deplete one volume of extract. The depletion efficiency was assayed by Western blot.

For rescue experiments GST-Maskin, GST-Maskin3A, or GFP-TD were added to restore endogenous concentration (as estimated by Western blot analysis) as the reaction was cycled back into mitosis. For aster experiments recombinant proteins were added as the extract was sent into interphase. For inhibition of XKCM1, 10 μg/ml of affinity purified anti-XKCM1 antibodies (a gift from E. Karsenti, EMBL, Heidelberg, Germany) were added to 20 μl of extract. Eg2 depletion was performed as described above using the polyclonal anti-Eg2 antibodies and two successive rounds of 45 min.

In vitro kinase assay
---------------------

In vitro kinase assays with recombinant Eg2 were performed as previously described ([@bib3]). Full-length recombinant GST-Maskin or the different mutated GST-Maskin proteins at 10 μM were incubated with full-length recombinant GFP-Aurora-A/Eg2 in kinase buffer (20 mM Hepes, pH 7.5, 200 mM KCl, 5 mM MgCl~2~, 0.5 mM EGTA, 1 mM DTT, 0.05% Triton X-100, 50 μM ATP) containing γ^32^P-ATP (GE Healthcare), for 10 min at 30°C. After separation by SDS-PAGE, phosphorylated proteins were detected by autoradiography.

In vitro pull-down and microtubule binding assay
------------------------------------------------

For the pull-down assay, GST protein or GST-Maskin (10 μg protein/20 μl beads) were incubated with anti-GST antibody coupled beads (Dynal) as described above. After three washes with kinase assay buffer (50 mM Hepes, pH 7.5, 0.1 mM EGTA, 0.015% brij35), GST-Eg2 (0.5 μM), and ATP mix (0.15 mM ATP, 30 mM MgCl~2~ in kinase assay buffer) were added and the mixture incubated for 25 min at 25°C. BSA (10 mg/ml) and XMAP215 (10 μM) were then added and the mixture further incubated for 30 min at 25°C. The beads were retrieved and washed three times with wash buffer (0.5% Triton X-100, 0.25 mM Na3VO3, 10 mM NaF, in TBS). Proteins associated to the beads were eluted by incubation in sample buffer and analyzed by SDS-PAGE.

Protein binding to taxol-stabilized microtubules in vitro was assayed as described in [@bib11] with the following modification. 3 μM taxol-stabilized microtubules were incubated with 0.25 μM, 0.5 μM, and 1 μM GST, GST-Maskin or XMAP215 separately or 1 μM of both GST-Maskin and XMAP215 for 30 min at 25°C. Microtubules were then pelleted through a 30% (vol/vol) glycerol cushion (in BRB80/5 μM taxol) at 100,000 *g* in TLA-100 rotor (Beckman Coulter) for 20 min at 23°C. Quantification of Coomassie blue--stained bands in the gel was performed by scanning the gel and measuring the intensity of all the bands with Adobe Photoshop. In the case of microtubule pellets of Maskin and XMAP215 the values were normalized with the value of the corresponding tubulin bands.

For the microtubule pelleting experiment in egg extract, 20 μM of taxol or 40 μM Nocodazole were added to CSF-extract. After 20 min at 20°C the extracts were diluted three times in BRB80, 10% glycerol, 1 mM GTP, and 5 μl of taxol (in the taxol sample) and centrifuged for 12 min at 20°C, 12,000 rpm in a TLS-55 rotor, through a 40% glycerol cushion in BRB80. The cushion was washed once with water and the pellets analyzed by Western blotting.

Immunofluorescence and quantifications
--------------------------------------

Immunofluorescence on *Xenopus* XL177 was performed as previously described ([@bib46]) with the affinity-purified anti-Maskin antibodies (1.4 μg/ml). Cells were fixed in methanol at −20°C or in 0.25% glutaraldehyde. All pictures were taken on a Leica TCS Sp2 confocal microscopy at 63× magnification making average projection of layers and processed identically with Adobe Photoshop.

Spindles and aster assembled in egg extract was processed for immunofluorescence as described ([@bib46]) with the affinity-purified anti-Maskin antibodies to detect endogenous Maskin or anti-GST antibodies for detection of exogenous GST-tagged Maskin. GFP-TD was visualized directly. Pictures were taken with a 12-bit greyscale cooled CCD camera (F-View, Soft Imaging System) mounted on an Axioskop-2 (Carl Zeiss MicroImaging Inc.) at 63× magnification (NA 1.4) and the image were processed with the analysis software (soft image system) and Adobe Photoshop.

For quantifications, nonsaturated images of randomly selected spindles and asters were taken using the same camera settings. Measurements of spindle length and width were performed using Analysis (Soft Imaging System). The total microtubule fluorescence associated with each spindle was then measured using Image J. Determination of aster average length and average of tubulin content was performed using a custom made macro running on Matlab software (Math Works) as described in [@bib22].

Online supplemental material
----------------------------

Fig. S1 shows Maskin localization in XL177 cells. Fig. S2 shows the increase of spindle size by addition of Maskin to the extract. Fig. S3 shows that the microtubule nucleation capacity of centrosomes is unaffected by Maskin depletion. Fig. S4 shows that Maskin-3E rescues centrosomal aster formation. Online supplemental materials are available at <http://www.jcb.org/cgi/content/full/jcb.200504037/DC1>.
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